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Extract 

The activities of the urea cycle enzymes in the liver of a female 
patient with hyperammonemia were determined (Table 1). Ornithine 
transcarbamylase (OTC, EC. 2.1.3.3) was reduced to 5-10% of 
normal and the residual enzyme showed an apparent Kmorn of 0.69 
(normal 0.37 =t 0.10) mmol liter. The pH dependence was normal. 
The patient's mother also showed hyperammonemia but was not 
clinically affected. 

Consideration of the genetics of the disease suggested that many 
female patients should have a mixture of normal and mutant 
enzymes. Electrophoresis of the patient's liver extract showed an 
additional band of OTC activity probably due to this mutant 
enzyme. 

The ratio of plasma glutamate-pyruvate transaminase to OTC 
was abnormal in four clinically affected patients with OTC 
deficiency (Fig. 4B) but not in two of their mothers without clinical 
signs. 

Speculation 

The enzyme ratio method may provide a useful alternative to liver 
biopsy for diagnosing OTC deficiency. Simple kinetic analysis 
appears to be inadequate for characterizing the residual liver OTC 
in female patients and chromatographic or electrophoretic methods 
should also be used where possible. 

Hyperammonemia due to ornithine transcarbamylase (OTC) 
deficiency is a relatively common inborn error of metabolism. 
Some 23 affected families were reviewed by Palmer and coworkers 
(26) and a number of others have been reported. The condition 
appears to be very variable, both in clinical severity and biochemi- 
cal findings. The liver OTC levels in patients range from 0.1% to 
25% of normal, measured at pH 7, while a number of different 
enzyme variants are recorded. Several features of the disease are 
puzzling and a clearer picture will probably emerge only from 
more detailed biochemical study and an examination of the 
structure and regulation of the enzyme itself. 

We have for the past few years been studying a hitherto 
unreported family with hyperammonemia in both the mother and a 
female child. The death of this child enabled the detailed enzyme 
studies reported here to be performed on the residual hepatic OTC. 
In addition, a new method of diagnosis based on plasma enzyme 
ratios has been explored. This may enable a strong presumptive 
diagnosis of OTC deficiency to be made without liver or intestinal 
biopsy. 

PATIENTS 

The family studied (Fig. I) originated in West Pakistan. The 
propositus (patient A )  was delivered prematurely at 34 weeks of 
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gestation. On the 6th day she became floppy and unresponsive and 
rapidly became semicomatose, with short apnoeic episodes. An 
attempt to obtain a blood ammonia estimation was unsuccessful. 
During the next 2 weeks she alternated between apparently normal 
activity when given intravenous fluids (electrolyte and glucose 
solutions) and semiconsciousness when milk feeds were restarted. 
On the 21st day of life the blood ammonia was estimated and 
found to be 210 pmol/liter. She was started on a low protein diet 
(1.4 g proteinlkg daily) and a further blood ammonia level on this 
diet was 57 pmol/liter (upper limit of normal). The plasma lysine 
level was slightly raised (up to 530 pmol/liter) in several specimens 
taken in the first few months of life but by 1 year this had returned 
to normal. Despite some initially good progress, the patient 
showed evidence of definite psychomotor retardation. While at 
home, increased episodes of vomiting occurred, associated with 
high blood ammonia levels. which were almost certainly due to  
nonadherence to a strict diet. Her condition gradually deteriorated 
and she died at 3.9 years. With parental consent a limited 
postmortem examination was performed to obtain the liver and a 
small section of kidney for biochemical examination. These 
samples were stored in liquid nitrogen until examined. 

The patient's sister is deaf and mentally retarded. There has 
never been any clinical indication of hyperammonemia and normal 
blood ammonia values have been recorded on several occasions. 
Two premature male twins died at 2 days of undetermined causes. 
Permission was not granted for postmortem examination. 

The mother and father both appear physically and mentally 
normal, although the mother had raised blood ammonia levels (up 
to 170 pmol/liter) both after a small protein load (35) and also in 
random samples. 11 

Heparinized plasma samples were obtained from three other 
patients suffering from proven OTC deficiency. These were from 
the patient (B) of Dr. B. D. Bower (19), the patient (C) of 
Farriaux et al. (14), and the patient (D) of Dr. M. M. Liberman 
mentioned in the review by Palmer et al. (26). Plasma samples 
were also obtained from other children aged 3 months to 15 years 
undergoing venipuncture for other reasons. Some of these were 
well a t  the time whereas others were suffering from a variety of 
conditions including mild hepatitis. Plasma from a patient ( E )  with 
hyperammonemia without OTC deficiency (15) was also exam- 
ined. 

LABORATORY METHODS 

Glutamate oxaloacetate transaminase (GOT) (18), glutamate 
pyruvate transaminase (GPT) (34), and isocitrate dehydrogenase 
(ICD) (33) were assayed by standard methods scaled down where 
appropriate. In the GOT assay the final incubation mixture (I ml) 
contained 0.05 ml plasma, 90 pmol potassium phosphate (buffered 
at  pH 7.4), 30 pmol L-aspartate, 10 pmol a-ketoglutarate, 0.12 
ccmol /3-NADH, and 0.25 IU (mM) malate dehydrogenase. For the 
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Fig. I. Family of patient A .  The arrow indicates parieni A .  

Table 1. Urea cycle enzymes in liver of patient A 

% of control 
Activity. values 

~rnol/g wet 
Enzyme tissue/hr Ref. 9 Ref. 20 

Carbamyl phosphate synthetase 69 5 1 22 
Ornithine transcarbamylase, pH 7.0 260 9.6' 5.0 
Argininosuccinate synthetase 16 44 
Argininosuccinate lyase 66 39 37 
Arginase 6,700 65 17 
"Lysine dehydr~genase"~ 52 6 1 

Measured at pH 7.7. 
Method of Burgi er at. (4). 

GPT assay the incubation mixture (1.0 ml) contained 0.05) ml 
plasma 92 pmol potassium phosphate (pH 7.4), 30 pmol L-ala- 
nine, 10 ~ m o l  a-ketoglutarate, 0.12 Mmol 8-NADH, and 0.128 
IU lactate dehydrogenase. In each case incubations were at 35" 
and the results corrected to 25" by multiplying by 0.555 and 0.51, 
respectively. For isocitrate dehydrogenase the final incubation 
mixture (I ml) contained 0.1 ml plasma and 54 pmol Tris-HCI 
(pH 7.5), 103 pmol sodium chloride, 1.8 pmol manganous 
chloride, 0.15 pmol NADP, and 3 pmol D,L-isocitrate. The 
incubation was performed at 35" and the result corrected to 25" by 
multiplying by 0.445. 

Urea cycle enzymes in liver (Table I) were determined by the 
methods of Brown and Cohen (3). Plasma OTC (28) was 
determined using L-[~arbamyl-~~~]citrulline and the a;se"olysis 
reaction. The 114Clcitrulline (36) was . iixed with unlabeled 
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citrulline, recrys;alliied from aqueous ethanol, and further diluted 
to give a specific activity of 0.03 Ci/mol. The incubation mixture 
(1 ml) contained 25 pmol L-citrulline and 250 pmol arsenate 
buffered at pH 7.1. Each determination was carried out in 
duplicate using 0.5 ml plasma and the incubations were continued 
for 24 hr at 37". The blank incubation contained water instead of 
plasma, duplicate blanks being performed with each set of 
determinations. The trapping agent for the 14C0, was 2-methoxy- 
ethanol ethanolamine (8: 1 by volume) on paper. The papers were 
counted to 10,000 counts in a toluene-based scintillant. 

The apparent Michaelis constants of the liver OTC were 
measured using mitochondrial lysates (30). The incubation mix- 
ture comprised 0.3 ml of 0.4 M triethanolamine-HCI buffer, pH 
7.5, and containing the appropriate amount of ornithine hydro- 
chloride, 0.2 ml mitochondrial lysate (30), and 0.1 ml dilithium 
carbamyl phosphate solution. Incubation was at  37" for 10 min. 
For Kmorn a carbamyl phosphate (cp) concentration of 5 mmol/ 
liter was used; and for KmcP an ornithine (orn) concentration of 4 
mmol/liter was used, in both cases at pH 7.5 (triethanolamine- 
HCI buffer) and at  37". The apparent Km values were calculated 
by the direct linear plot method (13). Arrhenius activation energy 

was determined using distilled water extracts of liver, 4 mmoll 
liter ornithine, and 5 mmol/liter carbamyl phosphate, at pH 7.5, 
over the temperature range 20-40". The pH dependence of the 
reaction was determined at constant zwitterionic ornithine concen- 
tration of 0.25 mmol/liter and 5 mmol/liter carbamyl phosphate 
at  37" (30). Triethanolamine-HCI buffers going from pH 6.5 to 
pH 9.5 in 0.5-pH unit steps were used. The total ornithine concen- 
trations were: pH 6.5, 39.8 mmol/liter; pH 7.0, 12.8 mmol/liter; 
pH 7.5, 4.20 mmol/liter; pH 8.0, 1.50 mmol/liter; pH 8.5, 0.647 
mmol/liter; pH 9.0, 0.379 mmol/liter; and pH 9.5, 0.303 mmol/ 
liter. From these results the apparent pK values of the enzyme- 
substrate complex were obtained (12). Substrate inhibition by 
ornithine (23, 30) was determined on distilled water extracts using 
5 mmol/liter carbamyl phosphate and pH 7.5 (triethanolamine- 
mmol buffer) with ornithine concentrations of 50-500 mmol/liter. 
Inhibition by orthophosphate was determined on distilled water 
extracts 'at an ornithine concentration of 4 mmol/liter and car- 
bamyl phosphate concentration of 5 mmol/liter, pH 7.5. The 
apparent K,m' was determined from a plot of 1/V against [PO,]. 
In all cases incubation times were chosen to limit the consumption 
of any one substrate to less than 10%. The control livers were 
necropsy specimens from adults. 

Polyacrylamide gel electrophoresis was carried out as described 
by Marshall and Cohen (22). A portion of liver was homogenized 
in 0.9% (w/v) sodium chloride (1 g liver to 4 ml saline) and the 
homogenate was centrifuged at 13,000 x g for 20 min at 4". The 
supernatant (50 pl/tube) was used for disc electrophoresis using a .  
6% gel with a continuous Tris-borate-EDTA buffer, pH 8.6. 
Electrophoresis was at 4" for 5 hr. The gel was then cut into slices 
and OTC activity was determined by the Reichard method. 

Plasma ammonia was determined by resin absorption followed 
by the Berthelot phenol hypochlorite reaction (Hyland blood 
ammonia test kit). Protein was determined by the Lowry method. 

RESULTS 

U R E A  CYCLE ENZYMES 

The activities of the urea cycle enzymes from the liver of patient 
A are shown in Table 1. All of the values are low compared with 
those obtained by Levin and coworkers for children's liver by 
biopsy (20). The values quoted by Cathelineau and coworkers (9) 
approximate more closely those in our patient. Probably the 
moribund condition of the patient before death and the pathologic 
changes in the liver contributed to the low enzyme levels generally. 
The most severely affected enzyme is ornithine transcarbamylase, 
the carbamyl phosphate synthetase being only slightly reduced 
compared with argininosuccinate synthetase and argininosuccinate 
lyase. The "lysine dehydrogenase" activity was virtually normal. 
The hyperlysinemia seen in this patient must therefore be consid- 
ered a secondary feature (7). 

Ornithine transcarbamylase activity was also measured in 
homogenates of kidney cortex and liver by the Reichard (28) 
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arsenolysis method. The kidney from patient A gave activities of 
0.36 and 0.49 ~ m o l / h r / g  protein compared with 0.58 (* 0.63) 
pmol/hr/g of protein (range 0.05-1.29) in five controls. The 
variability of these results may reflect the heterogeneity of kidney 
tissue. Comparable results for liver were: patient 83 pmol/hr/g 
protein; control subjects (4) 918 (* 319) @mol/hr/g protein (range 
534-1210). Thus the deficiency of OTC does not seem to have 
extended to the kidney enzyme, and the deficiency of the enzyme in 
the liver is confirmed. 

KINETIC STUDIES ON OTC 

Some kinetic parameters of the patient's enzyme and normal 
enzyme are summarized in Table 2 and Figure 2. The normal K, 
values are comparable to those of Snodgrass (30) and other 
workers, although the degree of ornithine inhibition was lower 
than that previously observed (30). Polyacrylamide gel electropho- 
resis (22) gave different patterns in the patient and in the normal 
subiects (Fig. 3). About a third of the OTC activity in the patient's 
liver extract remained near the surface of the gel, possibly'because 
of the relatively high protein content of this extract. Fig. 3. Polyacrylamide gel electrophoresis. The supernatant solution 

from liver homogenized in 0.9% NaCl was subjected to electrophoresis in 

PLASMA ENZYME RATIOS 6% polyacrylamide gel, pH 8.3, at  4'. After electrophoresis gels were sliced 
into 3-mm sections and assayed by the Reichard method. OTC: ornithine 

The ratios of OTC to GOT, to GPT, and to ICD in the patient's transcarbamylase. 
plasma and that of control children is presented in Figure 4. The 
normal range for adults is similar to that in children. Correspond- 
ing ratios for cord blood from healthy babies are summarized in sample of healthy adults and the children extended lower than that 
Table 3. The range of OTC values obtained both for a small by Reichard (28). 

Table 2. Kinetic data for ornithine transcarbarnylase DISCUSSION 

Normal subjects 

Mean * S D  
Range (no. of subjects) Parienr A 

Kt, for carbamyl phosphate, 
mmol/liter 

K', for ornithine, mmol/liter 
K, for phosphate, mmol/liter 
K, for ornithine, mmol/liter 
Apparent activation energy, 

Kcal 
Denaturation rate constant, 

sec- 
pK values 

Ratio, forward to reverse 
(arsenolysis) reaction 

Fig. 2. Lineweaver-Burk plot for hepatic ornithine transcarbarnylase. 
Control sample 0; patient A ,  0. Each point is the mean of two 
determinations. The apparent KmO'" for the patient is 0.69 mM, for the 
control, 0.35 rnM. ORN: ornithine. 

MODE OF INHERITANCE 

It is generally agreed (8, 26, 29) that OTC deficiency is 
transmitted as an X-linked condition, the affected males usually 
dying early. The variable severity of the disease in the female 
heterozygotes is attributed to differential lyonization of the 
X chromosome. Various other possibilities are discussed at  length 
by Cathelineau aqd coworkers (8). The poor survival record of 
patient A's sibs is striking, only one child now surviving from a 
possible total of seven. A preponderance of abnormal over normal 
offspring of females carrying the trait has been noted by Palmer 
and coworkers (26), but in few instances have all the abnormal 
children been adequately investigated. The poor mental develop- 
ment of the surviving child in our family could be due to the effect 
of the mother's hyperammonemia in utero, since the child herself 
did not have hyperammonemia. Indeed, it is possible that patient 
A was similarly affected by maternal hyperammonemia. 

KINETICS OF RESIDUAL OTC 

Significant abnormalities in the kinetic properties of the residual 
enzyme in several cases of partial OTC deficiency have been 
reported (Table 4). Considerably raised apparent Kmorn has been 
found in two cases; moderately raised apparent KmcP has been 
demonstrated in two other families. Apart from this there is a 
marked and unexplained tendency for low K, values to  be 
obtained for residual OTC, although in only one case (21) was this 
definitely considered to be outside the normal range. 

The variability of previously reported Km values for OTC, even 
using mitochondria1 lysates (30), makes us cautious in assessing 
the significance of the high apparent Kmorn in patient A, even 
though it is clearly outside our own normal range. However, the 
abnormalities in K, for ornithine and phosphate and in the ratio of 
forward to reverse reaction, although small, do reinforce the 
suggestion of a structural abnormality in the residual enzyme. This 
combination of a normal pH dependence with raised apparent 
Kmorn in the absence of lowered K,"'" has not previously been 
described. 
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NATURE OF RESIDUAL OTC 

In females heterozygous for OTC deficiency the paternally 
derived X chromosome should code for the normal enzyme and 
this might be expected to account for the residual activity. 
However, the residual OTC in females often showed abnormal 
kinetic properties (Table 4) and in 7 of the 11 cases studied had 
markedly abnormal pH dependence (compared with 6 of 7 males). 
This suggests that in these cases not only was lyonization 
unfavorable to  the normal (paternal) X chromosome but also the 
maternal X chromosome was coded for a structural mutant of 
OTC with considerable residual activity. The observed activity 
would then be due to a mixture of normal and mutant enzymes. 
Such a mixture might be expected to produce a nonlinear 
Lineweaver-Burk plot, but this was not seen in our own case (Fig. 
2) nor in three other female cases with abnormal K, values (6,24). 
In fact, unless substrate concentrations are varied over a consider- 
able range, the deviation from linearity would be small and within 
experimental error (I I). The observed K, would be intermediate 
between the K, values of the two enzymes. The results described 
by Cathelineau and colleagues (6) can be interpreted in this way. 
The mother, with a higher OTC activity and hence a greater 
proportion of normal enzyme, showed a more nearly normal KmCP 
(Table 4). 

The residual OTC activity has been characterized in one patient 

Fig. 4. Plasma enzyme ratios. Solid circles (@) represent samples from 
control children; open circles ( 0 )  are from patients A-E and from the 
mothers, M A  and M ,  of patients A and C, respectively, as indicated on the 
right of each diagram. The ratios are from results expressed in micromoles 
l i ter '  h r  ', at 25O for glutamate pyruvate transaminase (GPT), glutamate 
oxaloacetate transaminase (GOT), and isocitrate dehydrogenase (ICD), at 
37" for ornithine transcarbarnylase (OTC) (see "Laboratory Methods"). 

Table 3. Plasma enzyme ratios in cord blood1 

No. of 
RatioZ Range Mean S D  samples 

'GOT: glutamate oxaloacetate transaminase; OTC: ornithine transcar- 
bamylase; GPT: glutamate pyruvate transaminase; ICDH: isocitrate 
dehydrogenase. 

Ratio is of results expressed in micromoles per liter per hr for both 
enzymes. 

Table 4. Summary of kinetic details for all ornithine transcar- 
bamylase (0TC)-dejcient patients 

Abnormal pH 
Reference Sex dependence KImcP ' K',Orn ' 

5 
6 

8 
9 

2 1 
24 
323 

This case 

N o  0.78 
3.9 

Yes 2.4 
Yes? 0.62 
Yes 0.52 
Yes 0.28 
Yes 4.3 

0.32 
N o  0.96 

' Expressed as ratio to normal values under the same conditions. 
Mother of case above. 
In patient with Reye's syndrome; low K, for both substrates (see also 

Reference 17). 

by chromatography on carboxymethyl Sephadex (25) and in 
another by isoelectric focusing (1, 24). In each case two peaks of 
OTC activity were seen in normal subjects, one of which was 
missing in the patient. In contrast to this, our low resolution 
polyacrylamide gel electrophoresis gave only one band of activity 
from normal liver, but showed two bands from the liver of patient 
A .  This appears to support the enzyme mixture hypothesis outlined 
above. However, a considerably greater knowledge of the normal 
human enzyme is required before we can interpret this type of 
result with any confidence. 

ENZYME RATIOS 

The definitive diagnosis of OTC deficiency as the cause of a 
hyperammonemia rests on the determination of the hepatic urea 
cycle enzymes. Intestinal OTC also seems to be affected in those 
cases where it has been examined, although sometimes to a lesser 
extent than the liver enzyme (6). Open liver biopsy has proved fatal 
in OTC deficiency and although needle biopsy is a practical 
alternative in many cases, the possibility that the small samples of 
tissue obtained may not be representative of the whole organ must 
be considered. 

This is especially true in' females where lyonization of the 
chromosome carrying the normal enzyme may be irregular (29). 
OTC is present in plasma but its absolute amount is of no value in 
diagnosing OTC deficiency since leakage from the liver, the main 
site of OTC (27), is very variable. We considered that the ratio of 
OTC to some other liver enzyme might provide a better indication 
of hepatic OTC status. Of the commonly estimated liver enzymes, 
glutamate pyruvate transaminase gave the most discrete normal 
range of ratios with OTC (Fig. 4). The ratio was not markedly 
dependent on absolute level of glutamate pyruvate transaminase 
(Fig. 5). 
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normal and mutant enzymes is to be expected. Purely kinetic 
investigations are at present too inaccurate to give much informa- 
tion and need supplementing by the development of chromato- 
graphic or electrophoretic methods of characterization. 
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Extract fiber in the high extraction whole grain bread which is a major 

Based on a previous report of a zinc deficiency syndrome in 
children characterized by low hair zinc, anorexia, poor growth, and 
hypogeusia, 12 children attending a pediatric endocrinology clinic 
for growth retardation and judged as having short stature as a 
variant of normal (SVN) were evaluated as to their zinc nutriture to 
learn whether zinc deficiency was a contributory factor. None was 
found to have the above syndrome, although one child did have a hair 
zinc concentration below 70 pglg. The mean hair zinc of the SVN 
subjects was lower than the hair zinc of 40 apparently normal 
adolescents, 131 37 rg/g vs. 168 44 pglg (P < 0.02). but there 
was no difference found in plasma levels of zinc or in taste acuity. 
In contrast, five patients with total growth arrest secondary to 
juvenile Crohn's disease ( C D )  were found to have multiple findings 
consistent with zinc deficiency including low plasma zinc, low hair 
zinc, or hypogeusia. 

Speculation 

There is a relationship between the pattern of growth and zinc 
deficiency in man. The pattern is characterized by a plateau in 
growth. The short stature of children whose growth is at a normal 
velocity is not likely to be due to zinc deficiency. 

component of the diet (8). An additional factor in lran is the prac- 
tice of geophagia; in Egypt infestations with hookworm and schis- 
tosomiasis contribute. Zinc deficiency has been implicated in the 
growth retardation and delayed sexual maturation seen in cystic 
fibrosis (4), sickle cell disease (I), and Crohn's disease (14). 
Hambidge et al. (5) measured the concentrations of zinc in the hair 
of 132 adolescents and children between the ages of 4 and 17 years; 
of 10 children with hair levels below 70 p g / g  (ppm), 9 had heights 
below the 10th percentile and 7 had a history of poor appetite. 
Objective evidence of impaired taste acuity was found in 5 of 6 of 
the children tested. After treatment, these children showed 
improved taste and improved appetites, and their growth failure 
was therefore attributed to zinc deficiency. Although growth 
retardation accounts for about a third of the patients referred to 
pediatric endocrinologists, in a majority of such patients no 
nutritional or pathologic causes can be found (17). The present 
study was conducted to learn whether there is a substantial 
incidence of zinc deficiency among children evaluated for short 
stature in pediatric clinics, and to assess the relationship of zinc 
nutrition to linear growth. 

PATIENTS, MATERIALS, AND METHODS 

Patients were selected from among new or recent registrants in 
The trace metal, zinc, has an essential role in protein and nucleic the Pediatric Endocrinology Clinic of the Wyler Children's 

acid metabolism in growth and development (10) and in taste Hospital who presented with a chief complaint of short stature. 
acuity (5, 13). In man, dwarfism and hypogonadism responsive to Twelve patients with unexplained short stature were studied. All 
zinc have been reported from Egypt (7) and lran (3) .  A major fac- were below the 3rd percentile for height according to the anthro- 
tor in the'occurrence of the syndrome appears to be the low bio- pometric data of the Iowa Child Welfare Research Station and the 
availability of dietary zinc because of chelation by the phytate and Harvard School of Public Health. They ranged in age from 5 to 17 
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